
MOLECULAR REPRODUCTION AND DEVELOPMENT 73:1491–1502 (2006)

Transcriptome Profiling of the Tubular Porcine
Conceptus Identifies the Differential Regulation of
Growth and Developmentally Associated Genes
LE ANN BLOMBERG,1* WESLEY M. GARRETT,1 MICHEL GUILLOMOT,3 JEREMY R. MILES,1

TAD S. SONSTEGARD,2 CURTIS P. VAN TASSELL,2 AND KURT A. ZUELKE1

1Biotechnology and Germplasm Laboratory, USDA Agricultural Research Service, Beltsville, MD
2Bovine Functional Genomics Laboratory, USDA Agricultural Research Service, Beltsville, MD
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ABSTRACT Gastrulation and trophectoderm
elongation of the porcine conceptus coincide with peak
conceptus estrogen secretion from gestational day 11
to day 12. The current study aim was to identify genes
required for elongation by defining the transcriptome
profile of this dynamic tubular stage. The gastrulation
and proliferative status of ovoid, tubular, and filamen-
tous conceptuses were also examined. Polarization of
the embryonic disc and growth throughout the con-
ceptus were evident. An unamplified and two distinct
amplified serial analysis of gene expression (SAGE)
libraries were generated from tubular conceptus
mRNA. Comparing the three libraries at 12,000 tags/
library indicated small-amplified RNA-SAGE was a
reliable amplification procedure. The unamplified
library was increased to 42,415 tags and statistical
analyses of tag frequencies with previously generated
ovoid and filamentous libraries revealed the differential
expression (P<0.05) of 483 and 364 tags between
ovoid:tubular or tubular:filamentous libraries, respec-
tively. Annotated transcripts known to be involved in
development and also potentially regulated by estrogen
(cytokeratins 8 and 18, stratifin, midkine, and
glycolytic enzymes) were further analyzed by real-time
PCR. The majority of glycolytic enzyme transcripts
were constitutively expressed or downregulated at the
filamentous stage. Likewise, cytokeratin mRNAs were
less abundant in filamentous conceptuses, whereas
stratifin and midkine were more abundant in tubular
conceptuses. Analysis of protein revealed distinct
expression patterns for cytokeratin 18, stratifin, and
midkine. The function(s) of these factors and potential
modulation by estrogen clearly needs to be elucidated
to understand their physiological role in normal
conceptus development. Mol. Reprod. Dev. 73:
1491–1502, 2006. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

Elongation of the pig conceptus during day 11 (D11) to
day 12 (D12) is a critical peri-implantation period where

the morphological remodeling of the trophectoderm
from an ovoid (�10 mm) to dynamic intermediate
tubular states, and, ultimately, a long thin filament
(>150 mm) occurs. Conceptus loss during this elonga-
tion phase can approach 18% (Bennett and Leymaster,
1989). The expansion phase of the blastocyst’s trophec-
toderm tissue during elongation is a very rapid process
(30–40 mm/hr; Geisert et al., 1982; Stroband and Van
der Lende, 1990; Geisert and Malayer, 2001). Cellular
differentiation and remodeling rather than hyperplasia
are thought to be responsible for the initial morpholo-
gical transition in the pig blastocyst, and this differs
from other ungulates where hyperplasia is a major
component (Geisert et al., 1982; Pusateri et al., 1990;
Geisert and Malayer, 2001). Asynchrony of trophecto-
derm elongation among porcine conceptuses is evident,
and precocious progression through this period is
associated with conceptus competency (Bazer et al.,
1993). Beyond D12 the filamentous conceptus continues
to increase in length to �100 cm by day 16 (D16).

Divergent from humans and mice, gastrulation in
porcine, ovine, and bovine conceptuses is not dependent
on implantation and commences around the time of
elongation (Hue et al., 2001; Flechon et al., 2004;
Guillomot et al., 2004). Early stages of ED polarization
in ungulates is observed by the aggregation of meso-
derm-like cells towards the posterior pole. In the pig,
cow, and sheep conceptuses, primordial mesoderm cells
intercalate in between the embryonic disc (ED; epiblast)
and endoderm (hypoblast), migrate towards the extra-
embryonic regions, and split to form the yolk sac
membrane by fusion with the primitive endoderm
(Stroband and Van der Lende, 1990; Maddox-Hyttel
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et al., 2003; Flechon et al., 2004; Guillomot et al., 2004).
In conjunction with tissue differentiation, the morphol-
ogy of the ED changes in sheep; the round ED becomes
oblong and then pear-shaped with a tapered posterior
end (Guillomot et al., 2004). Following further develop-
ment, a primitive streak is established that extends
from the posterior end towards the anterior region (Hue
et al., 2001; Maddox-Hyttel et al., 2003; Flechon et al.,
2004; Guillomot et al., 2004). Brachyury, a develop-
mental factor with roles in embryonic mesoderm
specification and body axis elongation during gastrula-
tion, has been utilized to identify mesodermal cells
localized in the posterior region of the conceptus as well
as their extra-embryonic movement and the formation
of the primitive streak (Beddington et al., 1992; Kispert
et al., 1994; Wilson et al., 1995; Hue et al., 2001).

A well-known physiological process crucial to normal
conceptus development and gestation in swine is steroid
hormone synthesis. Precise production and secretion of
estrogen by the conceptus, in particular during the peri-
implantation period encompassing D11–D12, is impor-
tant for maternal recognition of pregnancy as well as
embryo viability (Perry et al., 1976; Geisert et al., 1982;
Niemann and Elsaesser, 1986; Geisert et al., 1990;
Pusateri et al., 1990; Geisert and Yelich, 1997). The
upregulation of factors crucial for estrogen synthesis in
the conceptus coincides with its peak estrogen secretion
(Conley et al., 1992; Yelich et al., 1997; Blomberg and
Zuelke, 2004;Blomberg et al., 2005). Theadministration
of estrogen at certain points during the peri-implanta-
tion period and exposure of conceptuses to a more
advanced uterine environment can result in conceptus
loss, suggesting that the proper endocrine milieu is
required for survival (Blair et al., 1991; Geisert et al.,
1991). Estrogen’s action on the endometrium results in
the modulation of prostaglandins towards a pro-preg-
nancy environment and growth factor release that
promotes growth of the conceptus trophectoderm (Ka
et al., 2001; Jaeger et al., 2001). Furthermore, the
presence of estrogen receptor beta and upregulation of
mRNA by estradiol-17 beta in the conceptus indicate
that estrogen synthesized by the conceptus could also
have an autocrine effect (Kowalski et al., 2002).

Despite our knowledge of the requirement for distinct
morphological phenotypes and specific physiological
processes, little is known about the molecular mechan-
isms and their regulation, essential for conceptus sur-
vival during elongation. Our lab previously employed
serial analysis of gene expression (SAGE) to obtain
global transcriptome profiles of ovoid and filamentous
porcine conceptuses, stages that precede and follow
elongation, respectively (Blomberg and Zuelke, 2004).
The large number of putative transcripts identified
(>22,000) and their functional categorization enabled
an initial assembly of potential molecular pathways
existing in the conceptus.

The primary aim of this study was to elucidate the
transcriptomeprofile of the tubular porcine conceptus so
as to identify molecular pathways that enable progres-
sion through the elongation period. Of particular

interest were estrogen responsive factors associated
with growth, morphogenesis, and cell or tissue differ-
entiation thatmight account for the phenotypic changes
of the porcine conceptus. Downstream analysis exam-
ined the spatial and temporal protein expression of two
potentially important development genes: stratifin
(SFN) and midkine (MDK). The relative abundance of
tubular RNAmade possible an assessment of amplifica-
tion strategies for transcriptomic analysis of concep-
tuses at earlier stages of development. A secondary aim
was to better characterize the D11 through D12 con-
ceptuses being utilized by examining their growth
status and the developmental stage of the ED.

MATERIALS AND METHODS

Animals

Hybrid gilts 6 months of age or older with normal
estrous cycle and weighing at least 100 kg were super-
ovulated and mated using artificial insemination for in
vivo conceptus production (Blomberg et al., 2005).
Conceptuses undergoing elongation between gesta-
tional D11 andD12 were grouped according to morphol-
ogy and size: ovoid (4–10mm), tubular (12–80mm), and
filamentous (100–150 mm) (Blomberg et al., 2005).
Ovoid and tubular conceptuses were collected individu-
ally or as pools (�5 conceptuses/pool); filamentous
conceptuses were collected only as pools (�5 concep-
tuses/pool) to minimize handling and avoid potential
tissue tears (Blomberg et al., 2005). All animal protocols
were approved by the Beltsville Area Animal Care and
UseCommittee andmeet theUSDAandNIHguidelines
for the care and use of animals.

Total RNA Preparation

Total RNA was isolated from pooled or individual
ovoid and tubular conceptuses, as well as pooled
filamentous conceptuses using, the RNAeasy Kit (Qia-
gen, Valencia, CA; Blomberg et al., 2005). A DNase I
digest (Turbo DNA-free, Ambion, Austin, TX) of 10 mg
total RNA from each conceptus sample was performed
according to the manufacturer’s instructions, to remove
genomic DNA contaminants. Total RNA integrity and
quantification were analyzed with the Agilent 2100
Bioanalyzer and RNA 6000 Nano LabChip Kit (Agilent
Technologies, Palo Alto, CA).

SAGE Library Construction and Sequencing

A small amplified RNA-SAGE (SAR-SAGE) library
was constructedusing�50ng of totalRNA fromapooled
tubular conceptus sample according to the method of
(Vilain et al., 2003; Vilain and Vassart, 2004). The T7
adapter sequencewas analyzed in silico to ensure that it
did not correspond to any predicted porcine tag. The
I-SAGE1 kit (Invitrogen, Gaithersburg, MD), based on
methodology by Velculescu et al. (1995), was used for all
experimental steps except mRNAT7 polymerase ampli-
fication, which was performed with the T7 Megascript
kit (Ambion). Two additional SAGE libraries were
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generated from either 50 ng (for PCR-amplified) or 5 mg
total RNA (unamplified library). Ditag amplification
was carried out for 27 cycles for SAR-SAGE (after T7
amplification) and unamplified libraries, whereas an
additional eight cycles were performed for the PCR-
amplified library. Amplification of SAGE concatemers,
sequencing and sequence analysis were performed as
described previously (Blomberg and Zuelke, 2004).

Real-Time RT-PCR

The initial total RNA template for real-time RT-PCR
was derived from multiple pools of non-related ovoid,
tubular, or filamentous conceptuses collected on sepa-
rate days. Additionally, total RNA isolated from indivi-
dual conceptuses was also analyzed: ovoid (8 mm),
tubular (group 1: 12 mm; group 2:20–22 mm; group 3:
30–38 mm; and group 4: 42–52 mm). Gene-specific
primers were designed from porcine-specific sequences
for [hexokinase 1 (HK1), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), pyruvate dehydrogenase
(PDHA1), pyruvate kinase (PKM2), aldolase A
(ALDOA), glucose phosphate isomerase (GPI), phospho-
fructokinase (PFKP), and lactate dehydrogenase-B
(LDHB)], stratifin (SFN), midkine (MDK), cytokeratin
8 (KRT8), and cytokeratin 18 (KRT18) that were
obtained from GenBank. (Supplementary Table 1).
Real-time PCR and statistical analysis by ANOVAwere
performed as described previously (Blomberg and
Zuelke, 2004). Results were expressed as relative
quantity (RQ) of the transcript of interest (Blomberg
and Zuelke, 2004).

Western Blotting

For protein analysis, conceptuses were sorted into
groups based on morphology and size. Ovoid concep-
tuses from two distinct size populations (8 and 10 mm)
were pooled (2 conceptuses/pool). Similarly, tubular
conceptuses were size sorted into two separate popula-
tions (13–15 mm and 18–19 mm). Filamentous pools
(100–150 mm) consisted of �5–6 conceptuses/pool.
Western blots were performed and analyzed as pre-
viously described (Blomberg et al., 2005). Blots were
initially probed with primary antibodies for KRT18
(C8541, SIGMA, St. Louis, MO; diluted 1:50,000), SFN
(Abcam, Cambridge,MA; diluted to 0.5 mg/ml) andMDK
(R&D Systems, Minneapolis, MN; diluted to 0.04 mg/ml)
followed by a secondary antibody incubation with either
HRP-labeled goat anti-mouse IgGantibody (Amersham,
ArlingtonHeights, IL; KRT18 and SFN) orHRP-labeled
rabbit anti-goat IgG (Kirkregaard and Perry Labora-
tories, Gaithersburg, MD; MDK).

Immunohistochemistry

Conceptuses utilized for ED staging or protein
expression analysis via immunohistochemistry were
rinsed in 1� phosphate buffered saline (1� PBS;
AccuGENE, Rockland, ME), pH 7.4, immediately after
flushing and fixed in 4% paraformaldehyde (Poly-
science, Inc., Warrington, PA)/1� PBS at 228C (room
temperature) for 30min. Fixed tissues were rinsed with

1� PBS and stored in the same buffer at 48C. Prior to
immunostaining, the ED (epiblast and hypoblast) and
the immediate surrounding trophectoderm were dis-
sected away from the bulk of the trophectoderm. Tissues
sectionswerepermeabilized in0.3%TritonX-100 inTris
buffered saline (TBS; 1.5% NaCl, 50 mM Tris-HCl, pH
7.6) for 30 min at 228C followed by an overnight
incubation at 48C. The next day, tissues were blocked
in three 30-min washes of TBS containing 1% normal
serum (TBS-S; normal goat serum for mouse-derived
antibodies or normal donkey serum for goat-derived
antibodies). Conceptus tissues were incubated over-
night with primary antibodies for either SFN (mouse
anti-human; diluted to 2 mg/ml in TBS-S), KRT18
(mouse anti-human; diluted to 1:5,000 in TBS-S),
MDK (goat anti-human; diluted to 10 ng/ml in TBS-S),
brachyury (goat anti-human, diluted to 10 ng/ml) or
Ki67 (mouse anti-human; diluted to 1:200 TBS-S;
Novacastra, Burlingame, CA). Excess primary antibody
was removed with four 30-min 228C washes in TBS-S.
Secondary antibodies (Molecular Probes, Eugene, OR)
labeled with Alexa 594 label and Alexa 488 labeled
phalloidin (Molecular Probes ) were diluted 1:400 and
1:100 in TBS-S, respectively, and added to tissue
sections for an overnight 48C incubation. The subse-
quent day, samples were carried through three 30-min
washes at 228C: first, TBS-S; second, TBS-S containing
1,000 ng/ml DAPI; and third, TBS-S. The tissues were
removed from buffer, rinsed briefly with water, and
mounted on slides in ProlongGold (Molecular Probes).

RESULTS

Growth and Staging of Embryonic Disc
During Elongation

Initiation and progression of gastrulation in the ED
was determined in ovoid, tubular, and filamentous
conceptuses by examining the expression of brachyury,
a marker of early mesoderm. The ED displayed varying
morphologies from the round to oblongdisc and themore
developmentally advanced pear with a tapered poster-
ior region (Fig. 1B,D,E). Evidence of differentiated
mesenchymal tissue and polarization of the ED was
found by the detection of anti-brachyury positive cells
localized to the posterior pole as well as in cells that had
begun to migrate outside and away from the ED
(Fig. 1A,C). At more advanced stages of gastrulation,
anti-brachyury immunoreactivity in pear-shaped EDs
was observed in the cells of the primitive streak
(Fig. 1D). Interestingly, a distinct developmental state
of the ED did not absolutely correspond with conceptus
trophectoderm morphology. The D11 ovoid embryos
contained EDs that were round, oblong, or pear-shaped.
Although polarization of the ovoid EDs and extra-
embryonic migration of the mesoderm was evident,
none had a visible primitive streak. Among the filamen-
tous conceptuses some round/oblong EDs were
observed; however, the majority of EDs were pear-
shaped. At this latter stage of development, the
primitive streak had formed in some EDs. Pinpointing
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the exact gestational time necessary to obtain large
numbers tubular conceptuses andpopulations of similar
was very difficult, therefore, their gastrulation state of
the tubular stage was not examined as thoroughly.
Examination of the expression of other developmental
factors associated with cellular differentiation within
the ED, for example, SSEA, vimentin, and Oct 3/4,
demonstrated the expected spatial and temporal expres-
sion patterns (data not shown; Flechon et al., 2004).

Besides the apparent structural changes occurring in
the ED, the trophectoderm was dramatically altered
during this period of time. Utilizing a marker of cell
proliferation, Ki67, it was evident that cellular growth
was a component of conceptus elongation as well as
gastrulation (Fig. 2A,B). A considerable number of cells
positive for Ki67 were found dispersed throughout the
trophectoderm and ED of every conceptus stage, that is,
ovoid, tubular, and filamentous. In some conceptuses,
a qualitative difference in the staining pattern was
observed, but this was conceptus rather than stage
dependent (data not shown).

Comparison of Unamplified and
Amplified Libraries

One problemwith doing SAGE analysis on embryos is
collecting sufficient RNA for SAGE library construction;
therefore, we were interested in identifying an efficient
SAGE amplification procedure. Tubular conceptus
libraries consisting of 12,000 tags were generated from
a SAR-SAGE library, PCR-amplified library, and an un-
amplified standard SAGE library to test the integrity of
the amplification methodologies. A comparative analy-
sis of the frequencies of the 151 most abundant tags
identified in all three libraries revealed that SAR-SAGE
was a more reliable amplification method (Vilain and
Vassart, 2004). Seventy-five percent of the SAR-SAGE
library tags, in contrast to 43% of the PCR-amplified
library tags,had less thana twofold frequencydifference
when compared with the unamplified library tags
occurring at a frequency of at least 10. An example of
the results obtained from three randomly selected high,
mid, and low frequency tags are depicted in Table 1.

Molecular Reproduction and Development. DOI 10.1002/mrd

Fig. 1. Gastrulation state of the conceptus D11–D12. Expression of
brachyury protein was analyzed in dissected wholemount conceptuses
by immunohistochemistry. Representative results of staining patterns
for brachyury in an ovoid (A) and two filamentous (C and E)
conceptuses are depicted. Positive cells outside of the ED boundaries

are mesodermal cells migrating extra-embryonically beneath the
trophectoderm (TE). Nuclear staining with DAPI (panels B, D, and
F) was carried out to determine the ED shape and the intracellular
localization of brachyury. Primitive streak (PS) formation is apparent
in one filamentous conceptus (E and F).
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Analysis of Conceptus Transcriptomes at
Different Stages of Elongation

For a more complete analysis of the tubular tran-
scriptomeprofile, theunamplified tubular SAGE library
was extended further to a total of 42,415 tags represent-
ing 12,777 unique putative transcripts (NCBI GEO
Acc No. GSE3875). A comparison of SAGE tags and
frequencies was made between the tubular SAGE
library and the previously generated SAGE libraries,
ovoid (42,389 tags) and filamentous (42,391 tags) (NCBI
GEO Acc. No. GSE1453; Blomberg and Zuelke, 2004).
Together all three libraries totaled 127,195 tags, yield-
ing 33,191unique tags. Interestingly, only 10.8% (3,575/
33,191) of the tags were common to all three libraries.
Comparisons between two libraries, ovoid:tubular or
tubular:filamentous, revealed a higher degree of simi-
larity; 22.6% (tubular vs. ovoid; 5,028/22,215) and 24.3%
(tubular vs. filamentous; 5,065/20,812), consistent with

the 22.5% similarity observed between ovoid and
filamentous libraries previously (Blomberg and Zuelke,
2004). Statistical analysis of the tag frequencies via Chi-
square with Monte–Carlo simulations revealed the
greatest differential gene expression (P< 0.05) existed
between the tubular and ovoid stages (483 tags) followed
by ovoid and filamentous stages (431 tags; Blomberg
and Zuelke, 2004) and finally tubular and filamentous
stages (364 tags). Interestingly, across all three libraries
only 35 tags had frequencies (expression levels) that
were significantly different at each of the three stages
examined (Table 2). Constitutive and differentially
expressed SAGE tags with a frequency sum �2 in
library cross comparisons were BLASTed against The
Institute for Genome Research (TIGR) porcine index
database (Release 11; 01-18-2005) for transcript assign-
ment. Functional classification ensued according to
gene ontology (GO) annotation appended in TIGR using
the GO terms. Transcripts were designated GO terms
under biological process or cellular physiological process
at the fourth or fifth level.

A total of 681 transcripts demonstrated a statistically
significant difference in expression during at least one
stage of development. The types of expression patterns
detected between the three stages of development are
listed in Table 3. Tags with a frequency >10 in at least
one library are listed in Supplementary Table 2 and are
grouped according to expression profile. Of the 35 tags
demonstrating differential expression across all three
developmental stages, 22 (63%)matched a single unique
TC (transcript), one matched multiple transcripts, and
13 had no match (Table 2). The nine tags continuously
upregulated with the progression of development are

Molecular Reproduction and Development. DOI 10.1002/mrd

Fig. 2. Proliferative cell populations present in elongating conceptuses. Analysis of the growth status
with anti-Ki67 antibody indicated that many cells throughout the ED and trophectoderm (TE) were
actively proliferating: panel A, ovoid conceptus, Ki67; panel B ovoid conceptus, DAPI; panel C, tubular
conceptus Ki67; panel D, tubular conceptus DAPI.

TABLE 1. Comparison of Amplified and
Unamplified Tubular Libraries

SAGE tag
SAR-SAGE
tag frequency

PCR-amplified
tag frequency

Unamplified
tag frequency

AAGCCTGGAG 112 61* 153
GATTGTGGTA 163 80 142
GCACACTAGG 113 209 138
CAGGCCACGC 87 19* 53
CTGTACAACG 59 17* 53
TCCGTGGTTG 57 41 51
AAAAATCATC 31 13* 50
GGGTTTTTAT 11 4* 12
ATAATGATGG 16 4* 11

*Twofold different with respect to unamplified library.
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highlighted by the asterisk. An examination of the
annotated transcripts revealed that they encoded
proteins from diverse molecular processes, such as
general metabolism, cellular organization, cell cycle,
and cell–cell interaction (Table 2). A total of 2,681 tags
were constitutively expressed transcripts in the three
SAGE libraries, and, of those, 1,069 had a unique TC
match. Examination of the annotated transcripts
revealed that many encoded proteins involved in
general metabolic activities, such as protein, carbohy-
drate, amino acid, nucleic acid, and lipid metabolism.
Transcripts differentially regulated at the transitional
tubular stage that could potentially be regulated by
estrogen, included those encoding glycolytic enzymes
(HK1,PFKP, andGAPDH), cytoskeletal proteins (KRT8
and KRT18), a negative growth regulator protein (SFN)
and a protein involved in embryonic neurogenesis
(MDK). Considering the morphological changes occur-
ring in the trophectoderm and ED, noteworthy was the
presence of transcripts for the cell proliferation marker
Ki67, mesoderm markers (mesoderm development can-
didate 1 and 2), an early endoderm marker (bone
morphogenetic protein 2), and a family of proteins
involved in cellular polarization (rab family members).

Validation of Transcript Expression

Conceptus elongation in swine is a very dynamic
period inwhich striking changes inmorphology and size
occur. Transcripts encoding factors involved in energy
metabolism (glycolysis), cytoskeletal architecture, cell
cycle, and the differentiation or survival of specific
tissue types were selected for further analysis (Table 4).
Differential expression of the mRNAs identified by
SAGE was examined by determining the RQ of each
transcript with respect to b-actin via real-time PCR
(Blomberg and Zuelke, 2004). Real-time PCR and SAGE
expression patterns of glycolytic transcripts, HK1,
PFKL, GAPDH, GPI, ALDOA, PKM2, and LDHB
corresponded for some but not all factors (Table 4).

Constitutive expression of PDH, GPI, PKM2, LDHB,
andALDOAat the different stages was confirmed for all
butALDOA.That is,with respect to the ovoid conceptus,
the ALDOA transcript level was increased in both
tubular and filamentous conceptuses. The HK1 mRNA,
which displayed upregulation in tubular and filamen-
tous conceptuses bySAGE,was constitutively expressed
according to PCR. As per SAGE, the PFKL mRNA level
was downregulated in the tubular and filamentous
conceptuses; however, PCR indicated that the level
was lowest in ovoid and tubular conceptuses and
upregulated in the filamentous. In contrast, the differ-
ential expression pattern of GAPDH was confirmed;
GAPDH levels were similar in ovoid and tubular
conceptuses before decreasing in the latter filamentous
stage. The PCR analysis of the expression of transcripts
encoding the developmental protein MDK was in
complete accordance with SAGE; peak expression was
observed at the tubular stage (Table 4). On the other
hand, thedecrease inKRT8andKRT18 transcript levels
was evident only in the filamentous conceptuses while
levels in the tubular conceptus were not significantly
different from the ovoid stage (Table 4). The mRNA for
SFNincreased in the tubular conceptuses, inaccordance
with SAGE, however, in the filamentous conceptus the
PCR analysis was inconsistent; SFN mRNA decreased
rather than remaining elevated (Table 4). Due to our
limited knowledge of the pig genome, it is unclear at this
time whether the inconsistencies between PCR and
SAGE are a consequence of the presence of unidentified
splice variants.

Protein Expression of Developmental Genes

Transcripts encoding developmental factors that
could potentially be regulated by estrogen were ana-
lyzed further at the protein level. These included
KRT18, SFN, and MDK. Western blot analysis of
conceptuses at various stages of elongation revealed
protein for each factor was present at all ovoid, tubular,

Molecular Reproduction and Development. DOI 10.1002/mrd

TABLE 3. Expression Patterns Detected During Elongation

# of tags (transcripts) and expression pattern

Constant increase across all stages 9: Ovd<Tub<Fil
Peak expression in tubular stage 54: Tub>Ovd and Fil; Ovd¼Fil

8: Tub>Ovd and Fil; Ovd<Fil
4: Tub>Ovd and Fil; Ovd>Fil

Nadir in tubular stage 27: Tub<Ovd and Fil; Ovd¼Fil
3: Tub<Ovd and Fil; Ovd<Fil
10: Tub<Ovd and Fil; Ovd>Fil

Other patterns of expression 31: Ovd<Tub; Ovd¼Fil; Tub¼Fil
47: Ovd>Tub and Fil; Tub¼Fil
23: Ovd¼Tub; Ovd and Tub>Fil
40: Ovd¼Tub; Ovd and Tub<Fil
59: Tub¼Fil; Tub and Fil>Ovd
39: Ovd¼Tub; Tub¼Fil; Ovd<Fil
32: Ovd¼Tub; Tub¼Fil; Ovd>Fil
18: Ovd¼Tub; Tub<Fil; Ovd¼Fil
28: Ovd¼Tub; Tub>Fil; Ovd¼Fil
31: Ovd>Tub; Tub¼Fil; Ovd¼Fil

Ovd, ovoid; Tub, tubular; Fil, filamentous.
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and filamentous stages examined (Fig. 3). Protein for
MDK (�13 kDa) was detected in all samples at each
stage and variations in protein level were only among
samples and not developmental stage (Fig. 3A). The
expected 50 kDa KRT18 protein along with a slightly
smaller protein of 45 kDa was detected in almost all
conceptuses examined (Fig. 3B). At the filamentous
stage there appeared to be less KRT18 protein overall,
and, with increased protein loading, the smaller protein
product was also evident (data not shown). Develop-
mental differences in expression patternwere clearwith
SFN; a protein product of �32 kDa (þ10%) was evident
in ovoid and tubular conceptuses, however, by the
filamentous stage a second protein product of �29 kDa
(þ10%) became apparent (Fig. 3C).

An investigation into the temporal and spatial
expression of KRT18, SFN, and MDK was carried out
by immunohistochemistry onwholemount conceptuses.
The expression of KRT18 was confined to the trophecto-
derm and localized to cytoskeleton (Fig. 4A). Likewise,
SFN protein was present only in the trophectoderm, but
therewas an obvious difference in the staining intensity
in the filamentous conceptus. Compared with the ovoid
conceptus where SFN immunostaining was diffuse and
quite uniform; distinct populations of cells in the
filamentous conceptus highly expressed SFN, and the
protein was present predominantly within the cyto-
plasm (Fig. 4B). However, in certain cells nuclear
localization was observed (Fig. 4B). Expression of
MDK was detected in both the ED and trophectoderm.
Typically, ovoid conceptuses of 8mmcontainedagreater
number of cells with intense cytoplasmic MDK immu-
nostaining in trophectoderm and ED than smaller ovoid
(4 mm), tubular, or filamentous conceptuses. Overall,
the cytoskeletal localization of MDK predominated in
the trophectoderm, but certain cell populations were
present that exhibited increased cytoplasmic and/or
nuclear expression (Fig. 4C,D,E).Nuclear localization of
MDKwas not observed in cells of the ED. Many tubular
conceptuses also displayedanaggregation of cells highly
expressingMDKin the cytoplasmat or close to the tips of
the elongating trophectoderm (Fig. 4F).

DISCUSSION

The pig conceptus undergoes a dramatic morpholo-
gical change between D11 and D12 that involves the
elongation of the extra-embryonic trophectoderm as
well as gastrulation within the epiblast tissue of the
ED. Asynchrony of trophectoderm elongation and ED
differentiation was evident in ovoid, tubular, and
filamentous conceptuses; neither morphology nor size
of the trophectoderm was indicative of the extent to
which theEDdisc had proceeded through gastrulation.
The gross morphology of the ED observed in D11 and
D12 pig conceptuses was similar to that found in the
ovine conceptus ED between D11 and D14 (Guillomot
et al., 2004). The rapid transformation of the conceptus
trophectoderm from an 8 mm ovoid structure to a
100 mm filamentous structure has generally been
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considered to be primarily the consequence of cellular
differentiation and migration (Geisert et al., 1982;
Pusateri et al., 1990). However, the expression of Ki67,
a protein ubiquitously expressed during the G1, S, and
G2 phases of the cell cycle but not the G0 phase
(resting), indicated that cell division was active within
the trophectoderm and ED compartments during
elongation at D11 through D12. Significant correlation
between Ki67 protein expression and DNA replication
via BrdU labeling indicate the utility of Ki67 as a
predictor of cell proliferation and tissue growth
(Muskhelishvilli et al., 2003).
Distinct transcriptome profiles were identified by

SAGE at the discrete morphological stages (ovoid,
tubular, and filamentous) occurring during the 24-hr
period between D11 and D12 that encompasses con-
ceptus elongation. Less that 11% of the SAGE tags
(putative transcripts) were common to all three stages
indicating that a large number of putative transcripts
were either unique to the stage of development or not
detected because of their rarity or the library size.
Furthermore, comparative analysis of the total number
of tags differentially expressed indicated that ovoid:
tubular (483 tags) stages of development were more
dissimilar followed by ovoid:filamentous (431 tags) and
tubular:filamentous (364 tags). The tubular stage is a
very transient stage, described as lasting�4 hr (Geisert
et al., 1982). The need for rapid and dramatic remodel-
ing of the pig tubular conceptusmorphology in this short
timemay require a profound change in gene expression.
Genes involved in numerous physiological processes
were identified by SAGE, and inclusion of the tubular
stage permitted the identification of expression patterns
alteredwithin the elongation process (Table 2). Sincewe
are interested in factors that may modulate the rapid
morphological alteration of the conceptus, we further
examined the expression profile of genes involved in
energy metabolism, growth, cytoskeletal structure, and
tissue differentiation that could potentially be regulated
by estrogen.

Glycolysis in the preimplantation conceptus at early
developmental stages is important for energy produc-
tion; however, some of the key enzymes or metabolites
have important roles in other cellular processes as well
(Swain et al., 2002). For example, GPI has cytokine-like
activities that aremitogenic andpromotedifferentiation
(Yanagawa et al., 2005). Key enzymes of the glycolytic
pathway can be regulated either positively or negatively
by estrogen in tissues including the conceptus (Nieder
and Weitlauf, 1984; Gupta et al., 1989). In mice, an
estrogen deficit results in delayed implantation and a
downregulation of glycolysis that can be rescued upon
the administration of the hormone (Nieder and Wei-
tlauf, 1984). Confirmation of the mRNA expression
profiles of glycolytic enzymes identified by SAGE
indicated that most, including the key rate-limiting
enzyme, HK1, are constitutively expressed or down-
regulated. The exception was PKFL which was upregu-
lated at the filamentous stage. Whether the secretion of
estrogen by the conceptus during this developmental
period has an effect on the transcription of the glycolytic
factors is unclear. However, if the expression pattern
of glycolytic transcripts reflect their protein level,
increased anaerobic energy production is not required
during elongation.

Tissue differentiation and cellular migration within
the trophectoderm and ED are important during the
period of development examined in this study. Con-
sidering our limited knowledge of estrogen’s autocrine
effect on the conceptus, transcripts that could poten-
tially be regulated by estrogen andmodulate important
developmental processes, KRT18, SFN, and MDK,
were examined in greater detail. It is well known that
KRT8 and KRT18 are the first types of cytokeratin
found in the differentiating trophectoderm of mice.
Furthermore, the type I cytokeratin 19 (KRT19) and
KRT18 are crucial for normal placentation in mice and
their deletion is lethal (Hesse et al., 2000). In certain
cell types estrogen can modulate the arrangement of
keratin intermediate filaments thus affect cytoskeletal

Molecular Reproduction and Development. DOI 10.1002/mrd

Fig. 3. Protein expression of developmental genes.Western blotting
of pooled conceptuses at different developmental states, based on
trophectoderm morphology, was carried out with anti-MDK (A), anti-
KRT18 (B), anti-SFN (C). Ovoid embryos (ovd; 8 mm), tubular
conceptuses (tub; 13–15 and 18–19mm), and filamentous conceptuses

(fil; >100 mm). Conceptus samples represent three independent
conceptus pools (ovd and tub¼2 conceptuses/pool; filamentous �5
conceptuses/pool). Arrows highlight protein product band of the
predicted size; an additional band was observed for both KRT18 and
SFN. [See color version online at www.interscience.wiley.com.]
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structure (Sapino et al., 1986). The KRT18 protein was
expressed exclusively throughout the trophectodermat
the three conceptus stages and indicates that KRT18
plays an important role in the development of the
trophectoderm.

TheSFNproteinbelongs toa family of relatedbut very
distinct proteins involved in different cellular processes,
for example, p53-dependent or -independent regulation
the cell cycle, mitogen activated protein kinase cell
growth, and b1-integrin directed cell migration or
spreading (Mhawech, 2005). Interestingly, in some cell
types KRT18 interacts with SFN and promotes the
translocation of SFN from the cytoplasm to nucleus

resulting in p53-dependent cell cycle arrest and cellular
quiescence (Ku et al., 2002). Known as a human
epithelial cell marker, SFN protein was confined to the
trophectoderm along with KRT18 in the current study
(Nakajima et al., 2003). Although the cytoskeletal
distribution of KRT18 seemed to be quite uniform
throughout the trophectoderm, SFN protein was more
highly expressed in distinct trophectoderm cell popula-
tions at the filamentous stage and nuclear translocation
was apparent in some cells. Whether nuclear localiza-
tion was driven by SFN interaction with KRT18, and
those cell populations were quiescent, remains to be
determined. Furthermore, SFN can be regulated post-

Molecular Reproduction and Development. DOI 10.1002/mrd

Fig. 4. Spatial and intracellular localization of developmental
proteins. The distribution of MDK, KRT18, and SFN in ovoid, tubular,
and filamentous conceptuses was examined by immunohistochemistry
with antibodies for those antigens. The cellular localizationdetermined
by staining pattern of specific antibodies (red) is depicted: KRT18 (A,

cytoskeletal), SFN (B, cytoplasmic and nuclear),MDK (C, cytoplasmic;
D, cytoskeletal; E, nuclear; F, concentration of cells with cytoplasmic
staining at tubular tip). Cellular F-actin in the cytoskeleton was
identified with phalloidin (green). [See color version online at www.
interscience.wiley.com.]
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translationally through the estrogen-induced zinc fin-
ger protein (EFP), which targets SFN for degradation
(Urano et al., 2002). The appearance of a secondary
lower molecular weight protein in the D12 filamentous
conceptus raises questions of whether (1) its coincidence
with peak estrogen secretion indicates EFP directed
site-specific proteolysis of the protein, (2) an unde-
scribed post-translational modification is occurring, or
(3) theproduct of anunidentifiedSFNtranscript variant
is being expressed.
The MDK protein is a developmentally regulated

heparin binding cytokine that is induced by retinoic
acid, an important embryonic morphogen, which is of
interest considering the developmental state of the
elongating conceptus (Schweigert et al., 2002; Quadro
et al., 2005). Furthermore, MDK is a ligand for several
diverse cell membrane receptors that mediate different
intracellular signaling pathways (Takada et al., 1997;
Nakanishi et al., 1997; Shibata et al., 2002; Stoica et al.,
2002). The cellular localization, cell membrane, cyto-
plasm, or nucleus also has a role in the multifunctional
activities of MDK (Nakanishi et al., 1997; Takada et al.,
1997; Shibata et al., 2002; Stoica et al., 2002). The
activity of MDK protein has been associated with
promoting neuronal outgrowth or survival in embryos
andmodulation of mesoderm formation (Rauvala, 1989;
Yokota et al., 1998). It also enhances angiogenesis
in tumors and hematopoetic cell migration during in
the inflammatory responses (Muramatsu et al., 1993;
Takada et al., 1997; Stoica et al., 2002). Interestingly,
estrogen’s modulation of a pro-angiogenesis response in
breast epithelia appears to involveMDKaswell as other
well-known angiogenic factors (Zhang et al., 1995).
Differences in the spatial and intracellular expression
patterns of MDK protein throughout the conceptus
suggested that it may have multiple roles during
elongation. In the majority of cells throughout the
trophectoderm, MDK protein was localized to the cyto-
skeleton; however, a few cells showed intense cytoplas-
mic staining. It will be of interest to determine whether
those cell populations had an increased production or
sequestration of MDK. Of particular interest was the
phenomenonofMDKpositive cells seeming to aggregate
at the tips of the elongating trophectoderm in tubular
conceptuses. The expression of MDK in the conceptus
has been typically associated with neurogenesis; how-
ever, the presence of MDK in the trophectoderm
suggests that it may also have a role (e.g., cellular
migration) in the development of the extra-embryonic
tissue as well.
Comprehensive trancriptome analysis of the tubular

conceptus by SAGE has allowed the identification of
factors altered within the peri-implantation elongation
period of the porcine conceptus development. Further-
more, we have adapted the use of SAR-SAGE for use
with porcine-derived tissue and shown that it was a
more reliable method when sample amplification is
required. This finding should impact future analyses of
earlier stages of conceptus development, which would
typically require the collection of hundreds of embryos

or oocytes. Our results indicate that glycolytic factors
required for energy metabolism, and potentially other
important cellular processes, are not upregulated dur-
ing the rapid morphological change. Furthermore, we
have described the expression patterns and distribution
of two potentially important estrogen-responsive devel-
opmental genes, SFN and MDK that have not been
previously characterized in the porcine conceptus.
Confinement of SFN expression to the trophectoderm
indicates that SFN might serve as an epithelial cell
marker during this period development. The expression
of MDK in the conceptus trophectoderm indicates MDK
has a function beyond neurogenesis in the porcine
conceptus. Clearly, additional studies will need to be
performed in order to ascertain the exact functions of
these molecules during elongation. Their potential
modulation by estrogen may enhance our understand-
ing of the physiology of normal conceptus development
and the autocrine effects of estrogen.
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